Optical behavior analogous to electromagnetically induced transparency and absorption is observed in experiments using coupled fused-silica microspheres. This behavior results from interference between coresonant whispering-gallery modes of the two spheres. Coupled-resonator-induced transparency and absorption are observed. Which effect is seen depends on the strength of coupling of incident light from a tapered fiber into the first sphere and on the strength of coupling between the two spheres. The observed effects can enhance microresonator performance in various applications. DOI: 10.1103/PhysRevA.71.043804 PACS number͑s͒: 42.60.Da, 42.50.Gy, 42.81.Wg Like electrons in a Bohr atom, light in submillimeter dielectric spheres circulates in ringlike orbits. Such "photonic atoms" ͓1͔ are actually optical microresonators, and the "orbits" are the so-called whispering-gallery modes ͑WGMs͒. The extraordinary properties of these WGMs ͓2͔ enable various microresonator-based applications such as cavity quantum electrodynamics ͑CQED͒ ͓3͔, microlasers ͓4-6͔, biosensing ͓7͔, and trace-gas and analyte detection ͓8,9͔. WGMs are conveniently and efficiently excited by tunneling of photons from an adjacent tapered optical fiber into the microresonator. Typical WGMs propagate along the sphere's equator and their evanescent field component allows interaction with the surrounding environment. By bringing two spheres nearly into contact, their WGMs can be evanescently coupled. Recent theoretical analysis of coupled microresonators has revealed that coherence effects in the coupledresonator system are remarkably similar to those in atoms ͓10͔. Here we demonstrate experimental observation of induced transparency and absorption in coupled microspheres due to interference between their respective coresonant WGMs. These are classical analogs of electromagnetically induced transparency ͑EIT͒ ͓11͔ and absorption ͑EIA͒ ͓12-14͔, quantum interference effects that reduce or enhance light absorption in a coherently driven atom.
Like electrons in a Bohr atom, light in submillimeter dielectric spheres circulates in ringlike orbits. Such "photonic atoms" ͓1͔ are actually optical microresonators, and the "orbits" are the so-called whispering-gallery modes ͑WGMs͒. The extraordinary properties of these WGMs ͓2͔ enable various microresonator-based applications such as cavity quantum electrodynamics ͑CQED͒ ͓3͔, microlasers ͓4-6͔, biosensing ͓7͔, and trace-gas and analyte detection ͓8,9͔. WGMs are conveniently and efficiently excited by tunneling of photons from an adjacent tapered optical fiber into the microresonator. Typical WGMs propagate along the sphere's equator and their evanescent field component allows interaction with the surrounding environment. By bringing two spheres nearly into contact, their WGMs can be evanescently coupled. Recent theoretical analysis of coupled microresonators has revealed that coherence effects in the coupledresonator system are remarkably similar to those in atoms ͓10͔. Here we demonstrate experimental observation of induced transparency and absorption in coupled microspheres due to interference between their respective coresonant WGMs. These are classical analogs of electromagnetically induced transparency ͑EIT͒ ͓11͔ and absorption ͑EIA͒ ͓12-14͔, quantum interference effects that reduce or enhance light absorption in a coherently driven atom.
The key concept underlying electromagnetically induced transparency and absorption is coherence among certain atomic states, achieved by coupling these states using coherent light sources. In one case, absorption from the ground state to a nearly degenerate pair of coherent superposition states can vanish due to destructive interference between the transition probability amplitudes. Such a medium, therefore, exhibits a narrow transparency window within its usual absorption profile. In contrast, EIA is characterized by constructive interference, resulting in enhanced absorption at line center. As solid-state alternatives to atomic ensembles, crystalline materials ͓15͔ and semiconductor heterostructures ͓16͔ have also been studied. All such systems, however, rely on quantum interference to diminish or enhance absorption. As examples of classical systems, models demonstrating EIT in plasmas have been investigated theoretically ͓17͔ and linearly coupled RLC circuits have been shown to exhibit EITlike features ͓18͔. In addition, recent theoretical works have examined various optical-resonator configurations for observing classical analogs of EIT ͓10,19,20͔. Here we use spherical microresonators and experimentally achieve coupled-resonator-induced transparency ͑CRIT͒ and absorption ͑CRIA͒ purely on the basis of classical optical interference between WGMs. We also demonstrate that coupling between the two microresonators can result in linewidth narrowing and amplitude enhancement of certain modes.
Fiber coupling of incident laser light into a microsphere is analogous to the use of a partially transmitting mirror in a model ring cavity whose other mirrors have zero transmission. In the model, part of the incident light is transmitted through the mirror and coupled into the resonator, while the uncoupled light is reflected off. In a fused-silica microresonator, because of the intrinsic loss ͑predominantly scattering͒ each whispering-gallery resonance appears as a Lorentzian dip in the coupling fiber throughput. The fractional dip depth M of a whispering gallery resonance can be expressed in terms of the loss ratio x = T / ␣l as M =4x / ͑1+x͒ 2 , while the dip width is proportional to the total round-trip loss T + ␣l. Here, T is the effective mirror transmittance describing the fiber coupling loss, and the microresonator intrinsic roundtrip loss is given by ␣l, where ␣ is the effective loss coefficient and l the microresonator circumference. The dip depth reaches its maximum value M = 1 at critical coupling ͑x =1͒. The dip depth depends upon the amplitudes of the light coming out of the sphere and the initially uncoupled light; since their phase difference is , they interfere destructively. For critical coupling, the two amplitudes are equal. The net throughput ͑reflectivity in the model͒ on resonance is R =1− M.
Coupling a second microsphere to the first ͑but not directly to the fiber͒ alters the observed WGM spectrum, depending on how close the second sphere is to being coresonant with the first and on the strength of the coupling between spheres. By controlling the sphere separation d, the intersphere coupling can be varied. Figure 1͑a͒ shows a simplified view of light trajectories inside coupled microresonators, modeled as coupled ring cavities; a schematic of the experimental system is shown in the inset of Fig. 1͑b͒ . Consider first the case where the two spheres are resonant at the *Electronic address: atr@okstate.edu same frequency. The effective intrinsic loss of the first sphere's WGM increases with intersphere coupling as the effective reflectivity of the second cavity decreases from unity. Coupling between spheres is relatively weak when they are not in contact, so the second sphere has a higher Q and narrower resonance than the first. If the original mode is undercoupled ͑x Ͻ 1͒, adding the second sphere drives the system farther from critical coupling over the second sphere's resonance width. The result is a decrease in dip depth at the center of the resonance of the first sphere; this narrow peak appearing in the middle of the original dip is a manifestation of CRIT. If the original mode is overcoupled ͑x Ͼ 1͒, addition of loss from the second sphere will initially drive the system toward critical coupling, producing a sharp drop at the middle of the original dip, i.e., CRIA. When the two spheres are not coresonant, new dips can appear in the spectrum as the intersphere coupling increases. These belong to strongly undercoupled modes of the second sphere or, in some instances, strongly overcoupled modes of the first sphere.
The CRIT-EIT analogy is discussed in detail in Ref. ͓10͔, where it is shown, for example, that the inter-resonator coupling is analogous to the strength of the coupling ͑or pump͒ field in EIT. Because the first resonator is undercoupled, the net throughput ͑reflection͒ is out of phase with the outcoupled intracavity field. The dip in the former is the signal of loss in the first resonator, and a decrease in the latter is the signal of loss in the second resonator. Hence they interfere destructively to give CRIT. When the first resonator is overcoupled, the net throughput and outcoupled field are in phase, and constructive interference gives CRIA. This is analogous to the transfer of coherence in certain degenerate two-level systems that results in constructive interference in absorption and thus EIA ͓12-14͔. With increasing pump field and ac Stark splitting, EIA turns into EIT ͓13͔, though the transparency window is not quite as narrow in frequency as the enhanced absorption ͓14͔. Precisely the same behavior is observed in the coupled-resonator model as the interresonator coupling increases.
In this work the microspheres were fabricated by melting the tip of a fused-silica fiber in a hydrogen-oxygen flame. Due to surface tension, the molten silica turns into a nearly perfect sphere with smooth surface finish. However, minor spheroidal deformation lifts the symmetry degeneracy and results in a rich WGM spectrum. An adiabatically tapered single-mode fiber ͑3.4 m diameter͒ was used to couple the incident laser light into the first microsphere. The fiber was tangent to the microsphere in its equatorial plane; the setup was very similar to that described earlier ͓6͔. A tunable diode laser ͑ = 1540-1570 nm͒ and microspheres with intrinsic quality factors ͑Q͒ in the range of 10 6 -10 8 were used. The sphere diameters were measured to within about ±5m with an optical microscope. Using a precision actuator, the separation between the second ͑outer͒ sphere and the first sphere could be varied. It is neither necessary to make microspheres identical in size, nor to tune one sphere, to obtain coresonance. Instead, because of the high density of WGM spectra, it is possible to find coincident resonances in the two microspheres simply by tuning the laser wavelength. For coresonant modes symmetric mode splitting occurs ͓21,22͔; for noncoincident WGMs, however, asymmetric features are seen, as in Fig. 1͑b͒ . The fit to the ring-cavity model shown in Fig. 1͑b͒ uses the intersphere coupling, the intrinsic Q of the second sphere, and the frequency offset of the WGMs as fitting parameters. This will be described in detail elsewhere. Here and in subsequent figures the modes of the coupled microspheres are aligned with those of the single resonator at the origin of the relative frequency axis for clarity, although there may be a frequency shift due to change in the WGM effective index of refraction on varying the intersphere coupling.
FIG. 1. ͑Color online͒ ͑a͒ Schematic of the coupled-ring-cavity model. Partially transmitting mirrors ͑dashed lines͒ represent coupling between the fiber and the first sphere and coupling between the two microspheres. The incident light ͑i͒ is partially reflected ͑ii͒, and partially coupled into the first sphere ͑iii͒. On encountering the second sphere, part of this light is reflected ͑iv͒ and continues its propagation inside the first sphere, while part of the light is transmitted into the second sphere ͑v͒. Light from the second sphere tunnels back into the first sphere and interferes with the light circulating there. Part of the resulting wave ͑vi͒ escapes and interferes destructively with the initially reflected signal ͑ii͒. ͑b͒ Mode splitting in noncoresonant coupled microspheres with radii a 1 = 240 and a 2 = 200 m. The two traces have the same scale, but different vertical axis origins. The single-sphere dip has M = 0.69. Solid curves, experimental data; circles, calculated profiles based on coupledring-cavity model. Inset: a schematic of the experimental configuration. Figure 2͑a͒ shows induced transparency in the whispering gallery spectrum of two coupled microspheres with coresonant WGMs. The first sphere is undercoupled, and the second sphere has a Q that is nearly an order of magnitude greater than that of the first. At weak intersphere coupling, a narrow peak appears in the middle of the throughput dip due to destructive interference between the modes. This transparency spike grows in strength with increased coupling ͑larger trace number͒ and the original mode eventually splits into two ͓23͔. In this limit, the coherence of the interaction is still evident in the fact that each of the two split modes has about half the width of the original. The weak dip within the transmission peak of trace 5 in Fig. 2͑a͒ probably represents the appearance of a mode of the second sphere with orthogonal polarization and thus decoupled. The input polarization was not controlled, so both TE ͑transverse electric͒ and TM ͑transverse magnetic͒ WGMs could be excited. Figure 2͑b͒ shows the effect of intersphere coupling on WGM linewidth for three noncoincident coupled modes, the central one in the first sphere and the two satellites in the second sphere. On increasing the coupling ͑increasing trace number͒, the modes of the second sphere appear in the spectrum, grow in amplitude, and shift away from the center. As this happens, the linewidth of the original mode decreases, approaching onethird of its original width, and the two satellites broaden to the same width as the narrowed central mode. This happens because, as the intersphere coupling increases, so does the frequency range over which modes can coherently interact, and for sufficiently high Q of the second sphere the mode widths will approach the original width divided by the number of interacting modes ͓24͔. The observation of induced absorption is displayed in Fig. 3 , where an initially overcoupled WGM of the first sphere, upon interaction with a coresonant WGM of the second sphere, is driven toward critical coupling.
Numerical calculations ͑to be detailed elsewhere͒ indicate that under conditions of large mode splitting, the frequency shift of the split modes in coupled microspheres can exhibit a strong sensitivity to the effective intrinsic loss of the second resonator. This effect can play a critical role in sensing applications not just as a means of enhancing the WGM evanescent-wave absorption sensor, but rather as an alternative to amplitude-variation-based sensing. Additionally, the linewidth narrowing has the potential to improve microresonator performance in nonlinear optics, microlasers, and CQED experiments.
To conclude, our experimental results show that interference between coresonant WGMs in coupled microspheres results in classical analogs of EIT and EIA with potential applications as noted above. In addition, the dispersive features of coupled microresonators ͓10͔, such as slow light velocities, are also analogous to those of a coherently driven atomic medium, making coupled resonators an ideal tool to explore these effects of optical coherence.
